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with reversible crystal-to-amorphous transformation
and selective guest adsorption†
Dariusz Matoga,*a Barbara Gil,a Wojciech Nitek,a Alexander D. Toddb
and Christopher W. BielawskibcA 2D layered microporous isonicotinate-supported manganese(II)
metal–organic framework was found to exhibit a reversible crystal-
to-amorphous transformation upon the removal and uptake of
certain guest molecules. Unsaturated metal centers, generated in
the dynamic framework upon activation, were found to facilitate
the selective adsorption of CO2 versus N2.
The design and synthesis of porous coordination polymers
(PCPs) or metal–organic frameworks (MOFs) has been a
rapidly expanding area of materials chemistry and nanotechnology
over the past decade.1,2 The attraction to the aforementioned
materials is primarily due to a high crystallinity combined
with a well defined porosity that results in abilities to
accommodate guest molecules and enables applications in
storage, separations, sensing and catalysis.1,2 MOFs are often
classified according to how the framework responds upon
the removal of guest molecules.3 The most recently
recognized group, which are often called third-generation
compounds or soft porous crystals, respond in a dynamic
manner.3,4 Indeed, the combination of framework flexibility
and structural regularity opens possibilities of realizing
unique properties not observed in conventional MOFs.4
MOFs are of great interest as new materials for CO2
capture, which is directly related to clean energy and envi-
ronmental protection.2 High CO2 uptake capacity and high
CO2/N2 selectivity are among the desirable features of these
materials. At high pressures, MOFs with large surface areasare shown to enhance capacity; however, at low pressures,
a significant density of high-affinity adsorption sites, such
as unsaturated metal centers (UMCs), have been shown to
be an important factor.2 Indeed, in addition to linker modifi-
cation (e.g., through the incorporation of Lewis-base or
other functional sites), the introduction of UMCs into MOFs
is an important strategy to improve the selective adsorption
of CO2.
2
Herein, we report a third-generation two-dimensional (2D)
microporous {[Mn2(ina)4(H2O)2]·2EtOH}n (1as; ina = isonicotinate;
EtOH = ethanol) MOF, which was prepared in situ by combining
isoniazid with MnII salts (see ESI†).5 In contrast, a conven-
tional synthesis from isonicotinic acid afforded a structurally
and compositionally different product (2) (see Fig. S1†). The
formation of 2 is favoured under kinetic control whereas 1as
is the thermodynamic product, formation of which is facili-
tated by low concentration of isonicotinate ions and lower
reaction temperatures. It is also noteworthy that the synthesis
using isoniazid is scalable and may be performed under mild
conditions unlike many solvothermal methods used for the
preparation of other related but rare MnII compounds with
isonicotinate anions and/or ethanol/water guests.6 The resulting
air-stable framework exhibits unsaturated metal sites upon
activation and was found to selectively adsorb CO2 versus N2.
Indeed, the features of 1as address two main challenges that
have curtailed many practical applications of MOFs: cost and
stability in the presence of water vapor.2
Single-crystal XRD revealed that the isonicotinate ligands
in 1as function as μ3 and μ2 linkers between the carboxylate-
bridged dinuclear MnII clusters and act as nodes in the layered
framework of a (4,4)-topology (Fig. 1 and S2–S3†).‡ The frame-
work also exhibits 1D channels of approximately 3.7 × 2.9 Å2,
which were occupied by EtOH guest molecules. The non-polar
ethyl groups were directed inside the 10.8 Å-thick layers.
In contrast, the hydroxyl groups of the ethanol units
were involved in strong hydrogen-bonds (O–H⋯O distances
ranging from 2.666 to 2.786 Å) with both the framework
free carboxylate groups and the coordinated H2O guest2014, 16, 4959–4962 | 4959
Fig. 2 PXRD patterns (top) and IR spectra (bottom) of the
as-synthesized {[Mn2(ina)4(H2O)2]·2EtOH}n (1as), dried for 1 h at 150 °C
followed by exposure to air at room temperature (1dea), and resoaked
for 1 h at 50 °C in EtOH (1re). For comparison, PXRD pattern calculated
from the single-crystal structure of 1as is given (1as calc).
Fig. 1 Crystal structure of 2D {[Mn2(ina)4(H2O)2]·2EtOH}n MOF (1as).
(a) Single layer with dinuclear Mn2 nodes and their fourfold
connectivity with isonicotinate linkers (EtOH guest molecules have
been omitted for clarity) (left) viewed along the crystallographic a axis
(H atoms omitted), and (right) represented in a spacefill model
showing rectangular open channels. Mn, O, N, C, and H atoms are
shown in purple, red, blue, gray and white, respectively. (b) Stacked
layers viewed along the crystallographic c axis. (left) Coordinated H2O
molecules occupying the interlayer region and EtOH guest molecules
are clearly visible. (right) Sequence of interlayer hydrogen-bonds
involving H2O, EtOH and framework free oxygen atoms of carboxylate


















































View Article Onlinemolecules. The structural flexibility of the framework arises
from its interlayer hydrogen-bonding acceptor sites and labile
guest molecules that can be readily and selectively removed
(Scheme S1†). Moreover, the structure of 1as is different from
other reported compounds obtained from isonicotinic acid
or aldehyde and various manganese(II) salts (i.e., nitrates,
perchlorates, chlorides).6,7 Collectively, these observations
underscore the importance of the synthetic conditions used
to prepare isonicotinate-supported MnII materials.
The removal of EtOH guest molecules from 1as was found
to lead to the loss of long-range ordering in the material as
the relative position of the adjacent layers were no longer sta-
bilized through hydrogen-bonds and the layers were able to
slide past each other. Such amorphous character of the
framework (1dea) was revealed by PXRD analysis, as shown
in Fig. 2. The reduced crystallinity of 1as was fully recovered
upon resoaking (1dea) in ethanol, which lead to 1re, a mate-
rial that was structurally and compositionally identical to 1as
(Fig. 2).
IR spectroscopy of the aforementioned materials revealed
that the vibrations of the skeletal atoms remained intact
during the aforementioned process, confirming the retention
of the 2D framework structure (Fig. 2). In this cycle, disap-
pearance and reappearance of bands attributed to EtOH
molecules (and corresponding to C–O and aliphatic C–H
stretching vibrations) were observed. Additionally, changes4960 | CrystEngComm, 2014, 16, 4959–4962occurring within the ν(COO) region may be explained in
terms of carboxylate involvement in the hydrogen-bonds with
the EtOH guest molecules.
To the best of our knowledge, 1as is the first reported
homometallic manganese-based framework exhibiting a
reversible crystal-to-amorphous transformation. Two mixed-
metal manganese containing frameworks with such a transi-
tion have been reported,8 and the known manganese-based
frameworks with isonicotinate ligands have been observed
to remain crystalline upon desolvation.6a,b The reversible
1as–1dea–1re solid-state transition may be followed by either
IR or UV-vis spectroscopy (Fig. 2 and S4–S5†) and offers the
possibility of using 1as as a sensor for ethanol detection.
Thermal activation of 1as in air followed by the uptake of
H2O/EtOH from the liquid phase was successfully extended
to an in situ IR spectroscopy study of the uptake of selected
molecules from their gas phase. The sample of 1as was step-
wise desorbed at increasing temperatures under vacuum in
the temperature region where the TGA data (Fig. S6†) indi-
cated that only water and ethanol desorption occurred. Inter-
estingly, under static conditions, water was removed more
readily than ethanol, which was not reflected by the TGA
measurement carried out under flow conditions (Fig. 3). Most
likely, the kinetic diameter of water (2.7 Å), which is smaller
than that of ethanol (4.5 Å) as well as smaller than a micro-
pore window size, facilitated the diffusion of the former.9
The decrease of water and alcohol IR bands may also be
observed at lower wavenumbers. The band at 720 cm−1 attributedThis journal is © The Royal Society of Chemistry 2014
Fig. 3 In situ IR spectra recorded during activation of
{[Mn2(ina)4(H2O)2]·2EtOH}n (1as) at increasing temperatures. A – region
of OH and CH stretching vibrations, B – region of skeletal vibration



















































View Article Onlineto water decreased at lower temperatures while two bands at
1047 and 1087 cm−1, characteristic of alcohol C–O vibrations,
exhibit diminished intensity at higher activation tempera-
tures. The order–disorder phase change during solvent removal
is not significantly reflected in IR spectroscopy, indicating that
the short-order relations are not changed, i.e. the linker
structure does not change upon spatial arrangement.
The activated sample of 1as (after water and ethanol
removal) has been studied as a potential adsorbent for car-
bon dioxide (Fig. 4). The in situ IR spectroscopy clearly shows
that the MOF adsorbs CO2 at −60 °C, near the CO2 triple
point. The sample also exhibited a new IR maximum at
2334 cm−1, of lower wavenumber than free CO2 (2345 cm
−1),
indicating a slight weakening of C–O bonds, probably by
direct interaction with open manganese sites (unsaturated
metal centers). The interaction is relatively weak and, under
ambient conditions, the sample does not retain the adsorbed
CO2. In addition, the presence of the adsorbed CO2 does
not change the activated MOF structure, which was con-
firmed by IR spectroscopy. Collectively, these results support
the hypothesis that the CO2 capture occurs when the exposed
metal centers are generated in the sample and the presenceThis journal is © The Royal Society of Chemistry 2014
Fig. 4 Selective CO2 vs. N2 adsorption for activated
{[Mn2(ina)4(H2O)2]·2EtOH}n (1as). (left) In situ IR spectra recorded
during CO2 adsorption at 213 K. A – region of C–O vibrations, B –
region of skeletal vibrations. (right) CO2 and N2 adsorption isotherms
at 195 K and 77 K, respectively.of coordinated water molecules prevents this process.
The important role of exposed manganese(II) centers in MOFs
for selective sorption and catalytic processes has been previ-
ously emphasized in the literature.10 Interestingly, while
being active for CO2 capture, the activated 1as adsorbs
N2 only to a very limited extent, which was confirmed by iso-
thermal adsorption measurements (Fig. 4). The CO2/N2 selec-
tivity is a desirable feature of 1as in the context of its
potential use in flue gas separations (the selectivity factor of
9.3 was estimated at various temperatures and at partial
pressures of 0.15 bar for CO2 and 0.75 bar for H2, see ESI†).
More broadly, very few examples of such selectivity have
been reported for metal–organic frameworks containing
manganese(II) centers.11
In summary, the unique synthesis and the X-ray crystal
structure of the layered isonicotinate-based manganese(II)
metal–organic framework (1as) is reported. The framework
was shown to expose metal centers upon reversible vacuum
and/or thermal activation. The activation process was accom-
panied by a reversible crystal-to-amorphous transformation
and enabled the MOF to selectively capture CO2 versus
N2, and other gas separation applications. Additionally, the
reversible solid-state transformation creates opportunities for
using 1as as a sensor for ethanol. Further post-synthetic
modifications of this material are currently underway.
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